With great potential in precision medical application, cell biomechanics is rising as a hot topic in biology. Cell nucleus, as the largest component within cell, not only contributes greatly to the cell's mechanical behavior, but also serves as the most vital component within cell. However, cell nucleus' mechanics is still far from unambiguous up to now. In this paper, we attempted to characterize and evaluate the mechanical property of isolated cell nuclei using Atomic Force Microscopy with a tipless probe. As indicated from typical indentation, changing loading rate and stress relaxation experiment results, cell nuclei showed significant dynamically mechanical property, i.e., time-dependent mechanics. Furthermore, through theoretical analysis, finite element simulation and stress relaxation experiment, the nature of nucleus' mechanics was better described by poroelasticity, rather than viscoelasticity.
Cell nucleus is home to the major carrier of gene. Nucleus is of vital importance due to its crucial role in regulating gene expression, 1 cell division 2 and apoptosis. 3 Therefore, a deep understanding of cell nucleus is essential for a complete comprehension of cells and biology. As an ubiquitous property for materials, mechanical property not only determines the usage of materials but also indicates the inner structure of the materials. Thus, cell nucleus' mechanics can be employed as an effective marker for the investigation of nucleus. 4 What's more, cell nucleus, as the largest organelle in cell, has enormous contribution to cell's mechanical property. 5, 6 Then, the mechanics of cell nucleus is under investigation in several research groups. 4, [7] [8] [9] [10] But some important aspects of their mechanics are still unclear.
Investigation of biomechanics requires an accurate and effective characterization method. Micropipette aspiration is one of the plausible option. Using this simple technique, nucleus mechanics was characterized 8, 9, [11] [12] [13] and the dynamically mechanical behavior of cell nucleus was verified. 11 But considering the rough geometry of the micropipette and the limited resolution of optical microscopy, micropipette aspiration technique suffers from low resolution. What's more, biological samples can be easily damaged by tensile forces in micropipettes, 13 since the tensile force is not easy to control in micropipette aspiration technique. Atomic force microscopy (AFM) has advantages of high spatial and force resolution and feasibility in almost all environments, including liquid. Contrary to micropipette aspiration, AFM applied compressive force on samples, and are less destructive to cells. Therefore, AFM has been widely used in biological material characterization. In the past two decades, the application of AFM in cell mechanics characterization has achieved unprecedented success. [14] [15] [16] AFM has also started to be employed to characterize the mechanics of cell nuclei. Using AFM with considerably sharp tip, Liu et al. characterized the in-situ nucleus through typical indentation experiment in various environments. 7 Dynamic mechanics of cell nucleus was also demonstrated through AFM indentation measurement. 10 Mechanical property of nuclear pore complexes was characterized and demonstrated to regulate the selective transfer of proteins through the pore complexes. 17 Besides characterization tool, proper mechanical model is another important problem for the study of cell nucleus mechanics. Initially, for simplification, cell nucleus were treated as linear elastic.
7 Then, viscoelastic model was gradually adopted to describe nucleus' dynamical mechanics. 11 Recently, even plasticity has been used to explain the large deformation of nuclei in micropipette aspiration. 9 Thus far, the exact nucleus mechanics is still an open question to answer.
In this paper, with the purpose of clarifying the nucleus' mechanical property, we systematically studied the isolated nuclei using AFM. Through a joint of theoretical analysis, Finite element (FE) simulation and stress relaxation experiments, we attempted to unveil the mechanics essence of cell nucleus.
HEK-293 and L929 cells were prepared and investigated in this paper. Isolation of cell nucleus from the cell was realized through a centrifugation separation process (Details of the isolation process is available in supplementary material). So as to check the nucleus isolation results, we also characterized the isolated nucleus using SEM (EVO-MA10, Zeiss).
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Authors to whom correspondence should be addressed. Electronic addresses: lqliu@sia.cn, gul6@pitt.edu Herein, sizes of both intact and isolated nuclei were both assessed. Nucleus stain was carried out to guarantee an accurate size evaluation. Both the in-situ and isolated nuclei were stained with DAPI (4 0 ,6-diamidino-2-phenylindole). Florescent images of both in-situ and isolated nuclei were acquired through a florescence optical microscopy with UV light as excitation light. Then sizes of nuclei were assessed using ImageJ.
We employed the Catalyst Bioscope AFM (Bruker) to perform all mechanics characterization experiments. Considering the small size of nucleus and its relatively low adhesion to the substrate, tipless AFM probes (MLCT-O10) were utilized to locate and press on nuclei. Spring constant of the probe was idealized to be its nominal value (0.01 N/m); while the sensitivity of the probe was calibrated on substrate in liquid. Since the isolated nuclei were already stained with DAPI, it was considerably easy to locate them with the probe tip through a fluorescence microscopy. Several different mechanics characterization experiments, including typical indentation, varied loading rate and stress relaxation, were carried out on isolated nuclei.
With the purpose of further unveiling the dynamical mechanics of cell nuclei, we changed the loading and unloading rate in the indentation experiment and repeated the experiments. The loading rates were chosen to be 1, 2, 4, 8, and 16 lm/s. Interaction force and indentation depth were both logged on with respect to time.
Stress relaxation experiments were carried out on cell nuclei to determine the mechanical nature of nuclei and evaluate their dynamical mechanics parameters. In the stress relaxation experiments, tipless probe was indented onto the located nucleus at 4 lm/s and subsequently kept still for a relatively long time to record the stress relaxation process. Considering the stress relaxation process occurs during the probe loading part, high loading rate is preferred. High loading rates (>8 lm/s) often lead to serious oscillation in our system; so we set the loading rate to be 4 lm/s. Finally, the probe was retracted from the pressed nucleus. Mechanical nature clarification for cell nucleus requires the stress relaxation data acquired under varied load. Therefore, the peak interaction force between probe and nucleus were changed; and the corresponding stress relaxation time was changed proportionally to the peak force.
As indicated from the nuclei size estimation results shown in Fig. 1(e) , size of HEK-293 and L929 cells are close to each other. Therefore, the shape and structure of nuclei have been largely maintained in the isolation process. Through AFM indentation experiment using the configuration as illustrated in Fig. 2 , significant dynamical behaviors are observed on isolated nuclei. Contrary to the nice agreement between the approach and retraction curves acquired on linear elastic substrate ( Fig. 3(a) ), hysteresis occurs in the indentation experiment conducted on nucleus (Fig. 3(b) ). The hysteresis between the approach and retraction curves in one complete indentation cycle indicates energy loss during the probe-cell interaction. The dependence of interaction force on the loading rate, as displayed in Fig. 3(c) , demonstrates the time-dependent mechanics of nuclei. And significant stress relaxation process observed on nuclei, as shown in Fig. 3(d) , again strongly supports the hypothesis that cell nucleus' mechanics is dynamical. Experimental outcomes as acquired here is also agreed well with that acquired from strain compliance experiment conducted using micropipette aspiration technique. 8, 10 As verified from the AFM characterization experiment, cell nuclei show dynamical mechanics. But the exact mechanics nature of nuclei is still far from clear, since both viscoelasticity and poroelasticity models can explain dynamical behaviors of materials. Both mechanics models has been applied into describing biological samples, such as cartilage, [18] [19] [20] living cell 21, 22 and cytoplasm. 14,23 Viscoelasticity or poroelasticity, which one is closer to the actual essence of nucleus mechanics is a vital question to be answered 
From theoretical view, the basic difference between viscoelastic and poroelastic models lies in the fundamental composition of the models. For viscoelastic model, the material is homogenous even at nanoscale; and the model can be equivalent to the combination of a series of springs and dampers. As a nice example, the solution to generalized Maxwell model, as presented in Eq. (1), indicates that characteristic relaxation time in viscoelastic model is only a function of constants of the springs and dampers. Hence, under viscoelastic assumption, rate of the stress relaxation process will be independent of the indentation depth. On the contrary, poroelastic materials are a combination of porous solid and liquid. The liquid is penetrating in the porous solid. If the nucleus is poroelastic, the stress in nucleus will relax through the redistribution of liquid in the porous solid. Since the liquid redistribution is a typical diffusion process, the stress relaxation process within poroelastic material will be in line with the rule of diffusion. According to the simplified geometry model presented in Fig. 2(e) , the average diffusion length of the liquid upon probe indentation can be approximated to be a; and the characteristic relaxation time can be related to the indentation depth through the following derivations (Eqs. (2)- (5)).
where d is the indentation depth of probe
Therefore, the characteristic relaxation time is dependent on the load or indentation depth, which is completely different from the result of viscoelastic model. Under poroelastic assumption, the relation of characteristic relaxation time with indentation depth is shown in Eq. (5). Then, as displayed in Eq. (6), the contribution of indentation depth to the stress relaxation process can be eliminated by dividing time with the characteristic relaxation time.
To further demonstrate the nucleus mechanics essence identification method proposed through theoretical analysis, we performed FE simulation to study the probe-nucleus interaction process numerically. Considering the nonlinear character of poroelastic model, we employed Abaqus software to conduct the simulation. Geometry model of this investigated system is presented in Fig. 2(d) . The major parameters used in the simulations for both viscoelastic and poroelastic cases are provided in Table S1 (supplementary material). Since it is impossible to obtain the exact void ratio inside nucleus, we set the void ratio to be a reasonable value, 4.0.
Through FE simulation, typical F-d-t curves were acquired for both models. The simulation result for viscoelastic model is presented in Fig. S3 (supplementary material) . FE simulations were repeated under different indentation depths; and the stress relaxation curves corresponding to varied indentation depths are shown in Figs. 4(a) and 4(b). As presented in Figs. 4(c) and 4(d), normalization of only the force leads to the reduction of the curves into one, which agrees well with our discussion in the theoretical analysis part.
FE simulation results corresponding to the poroelastic model are presented in Fig. S4 (supplementary material) . Simulation results verified the intimate relationship between the stress relaxation process and the liquid redistribution process. The stress relaxation curves corresponding to varied indentation depths are acquired and presented in Figs. 5(a)  and 5(b) . The stress relaxation curves with only force normalized still separate from each other significantly (Fig.  5(c) ). However, if both force and time are normalized, the curves almost reduce into one, as shown in Fig. 5(d) . The minor gaps among the normalized simulation F-t curves are an outcome of stress relaxation process during the loading part and the approximation of the diffusion length.
Through FE simulation, we demonstrated the effectiveness of the proposed identification method. And the actual mechanics model identification approach was determined to be different normalization strategies for stress relaxation curves acquired under different loads.
So as to confirm the mechanical essence of cell nuclei, we extracted the stress relaxation curves from the experiment data and performed the same normalization process (Fig. 6) as used in the FE simulation part. With only normalization of force, the curves are still largely separated from each other. But after a simultaneous normalization of force and time, the curves converge into each other. The agreement between simulation results ( Fig. 5(d) ) and experiment results ( Fig. 6(f) ) is relatively nice. The results indicate that cell nucleus is actually poroelastic, rather than viscoelastic. Normalization of both HEK-293 and L929 cell nuclei leads to the similar results; so both HEK-293 and L929 cell nuclei are poroelastic.
Since the mechanics nature of cell nuclei has been confirmed to be poroelastic, evaluation of poroelastic parameters for cell nuclei turns to be essential. As we discussed previously, poroelastic model divides the material into two parts: the porous solid and the liquid. Within nucleus, the solid part is composed of genetic materials and nuclear proteins. For simplification, we assumed the solid part to be linear elastic. The poroelastic parameters evaluation process adopted here is similar to that proposed by Hu et al. [24] [25] [26] And, details of the evaluation strategy are given in the supplementary material.
Using the developed parameters evaluation strategy, we assessed the poroelastic parameters for several cell nuclei of different cell types. And a comparison of the cell nuclei poroelasticity is displayed in Fig. 7 . Evaluated Young's modulus and Poisson's ratio are comparable between the two types of nuclei; while diffusion coefficient in L929 cell nuclei is significantly larger than that of the HEK-293 cell nuclei. The estimated Young's modulus for nuclei is a little bit smaller than those reported in references, 11, 12 but almost at the same order (0.1-1 kPa).
It needs to be noted that the poroelastic parameters evaluated here is not that of the intact nucleus, since we characterized the isolated cell nucleus in PBS (phosphate buffered saline). The actual liquid within nucleus is expected to be much more viscous than the PBS solution.
In this paper, the essence of nucleus' dynamic mechanics is investigated by combining the FE simulation and stress relaxation experiment employing AFM. Theoretical and FE simulation results indicate that characteristic stress relaxation time is independent of indentation depth when nucleus is assumed to be viscoelastic; on the contrary, the characteristic stress relaxation time is highly related to indentation depth under poroelastic assumption. The experimental results verify that the stress relaxation process is indentation depth dependent. Therefore, the cell nucleus is verified to be poroelastic, rather than viscoelastic. This conclusion is in accordance with the actual inner structure of nucleus, which is filled with the nucleus matrix, network of fibers, and liquid. Finally, we evaluated the poroelastic parameters of nuclei with nucleus divided into porous solid and liquid parts. The results indicate that the poroelasticity of cell nucleus has the potential to serve as a biomarker for research work on nucleus.
The research work on cell nucleus' mechanics is still far from complete without a noninvasive and in-situ nucleus characterization approach. Considering the thick wrap of cell membrane and cell plasma on nucleus, developing such an effective measurement method for in-situ cell nucleus is of great challenge. What required to be done is as much as what is still to be revealed on this topic.
See supplementary material for details of the experiment procedure, simulation results, and stress relaxation experiment results. 
